SYNTHESES AND CHARACTERISATION OF 
HETEROATOM CONTAINING POLYMERS AND THEIR METAL COMPLEXES by SIVUDU, K. SAMBA
Nanocomposites based on nanosized inorganic particles and clusters are an emerging field of research activity due to the interesting properties of the particles, their behavior as quantum dots or their possible super-para and super-ferromagnetism, in combination with the other properties of the materials including, for example, their optical transparency. Another advantage of such hybrid composites of particles in an organic polymer matrix is the possible protection of systems that are sensitive towards environmental conditions (oxygen, humidity, etc.) by coverage with a protecting polymeric skin or inclusion in a polymeric matrix1 Furthermore, the content of the inorganic moiety can be gradually changed in the polymeric matrix. Ordering in such systems also plays a role, from highly ordered super lattices to the stochastic mixtures where the particles are randomly dispersed. Therefore, the possibilities for these materials cover a wide range of applications with many yet unknown future perspectives2   For instance, Fe2O3/ polymer nanocomposites are used as advanced toner materials for high quality colour copiers and printers and as contrast agents in NMR analysis, memory devices. The key to forming such novel materials is understanding and manipulating the guest-host chemistry occurring between the polymer and the layered compounds or the nanoparticles, in order to obtain a homogenous dispersion and a good contact between polymer and added particle surfaces. There have been major advances in solid state and materials chemistry in the last two decades and the subject is growing rapidly. The coatings of magnetic particles are of special interest because of their important applications viz. technological energy transformation, magnetic recording, magnetic fluids and magnetic refrigeration system. Polymer materials have been filled with several inorganic compounds in order to increase properties like heat resistance, mechanical strength and impact resistance and to decrease other properties like electrical conductivity, dielectric constant thereby increasing the permeability for gases like oxygen and water vapor. In recent years considerable efforts have been devoted to the development of methods for the preparation of composite particles consisting of polymer shells encapsulating different core chemical compositions. In several of these powders, particles covering inorganic materials have been used as beads for gas separation, or as pigments, catalysts, coatings, flocculents, toners, raw materials recovery, drug delivery and anticorrosion protection. 
Amphiphilic polymeric systems, ranging from nonionic polymers and polyelectrolytes to amphiphilic diblock copolymers are receiving increased attention, since they offer tremendous options for the development of composites possessing unique catalytic, optical and electronic, or magnetic properties. The selection of the polymeric matrix is crucial for the optimization of the systems. Frequently, the polymers are not only employed as protective polymers, but also as the dispersing and stabilizing media for the metal nanoparticles. In many cases the polymers that surround the metal nanoparticles can also exert direct influence on the particles and materials properties. In this way, they act as functional polymers, and they provide a means to fine-tune and tailor the materials for specific needs and applications. Functional polymers play an important role to form (construct) the polymer metal complexes, and polymer metal/metal oxides nanocomposites. 
 In general functional polymers contain heteroatoms such as N, S, O, and P that can form coordinate bonds with most of the heavy metal salts (Lewis acid) center of low-molecular- weight metal complexes contributes to neutral basic ligands in the chain or side group of these polymers by displacing weaker neutral bases in the coordination sphere of the transition metal. Generally, metal ion complexation has to take into consideration several phenomena. Coordination bonds are the donation of a lone pair electron of the ligand (Lewis base) to the metal cation (Lewis acid) and electrostatic attractions between the positively charged metal ion and a negatively polarized or charged donor atom of the ligand. The energy of such interactions is usually evaluated around 50 kJ mol−1 3

Interest in chelating and ion-exchange resins has been growing during the last few decades because of their diverse applications in analytical chemistry1, hydrometallurgy2, wastewater treatment3,4, catalysis5,6 and removal or separation of metal ions from aqueous solution.7-11. Recently, the removal and recovery of heavy metal ions from industrial wastewater has been taking on increasing importance in all industrial branches because of a combination of economic and environmental factors. As an effective settlement, chelating resins are used for enriching and separating some metal ions from aqueous solutions. The performance of these polymers in such different applications depends on several factors, including functional group type, pH of the medium, solvent, ion concentration, porous structure, crosslinking degree and swelling properties of the resin. They are very useful because of higher selectivity and larger adsorbing capacities than other adsorbents (e.g., activated carbon and metal oxides) and are also easy to elute and regenerate.
The design of tailored chelating agents represents one of the basic challenges in the field of synthetic coordination chemistry. Tailored cheaters can be used to govern the stability of a complex or to modulate the electronic properties of a metal cation. Chelate-forming polymeric ligands characterized by reactive functional groups containing O, N, P, S, donor atoms are capable of coordinating ability with different metal ions12-21. The materials most often show preferential selectivity towards certain metal ions, and this facilitates their use for the preconcentration and separation of trace metal ions from saline and nonsaline waters. Ion-exchange resins are very important in metal-ion complexation reactions because of their hydrophilicity, accessibility and metal uptake capacity. Due to this reason, chelating ion exchanger’s physical form may vary from a rock-hard material to a soft gel.  The desirable properties of chelating exchangers are fourfold: (1) a high capacity for the metal(s) of interest, (2) high selectivity, (3) fast kinetics and rapid equilibration with metal-containing solutions and (4) high mechanical strength and toughness of the exchanger particles. The selectivity in the metal-ion uptake of the polymers can be well explained by Pearson’s principle, 22 that is, soft acids prefer to bind soft bases and hard acids prefer to bind hard bases. Thus, ligand groups containing pendant sulfur which are considered as soft bases will bind efficiently to Hg(II) and Cd(II) ions that are classified as soft acids in comparison to the harder Ni(II) and Zn(II) ions.
A number of chelating resins have been studied by introduction of functional groups into polystyrene. Stamberg et al. prepared several polystyrene resins by successive introduction of a propionyl group, nitrosation, and oximation23. Trostyanskaya et al. synthesized various insoluble styrene copolymers containing an aminotriacetic or aminodiacetic acid group. Satiroglu et al. prepared monodisperse polystyrene microspheres carrying dithiocarbamate groups24. Linear polystyrene has high adsorption capacity but slow adsorption rate for metal ions, because it does not have suitable mechanical properties and has low surface areas of the microsphere.
Vinyl pyridines are important class of polymers exhibiting interesting properties due to the presence of the nitrogen atom in the pyridine ring.  The weakly basic nitrogen atom makes possible a variety of reactions on vinyl pyridine polymer e.g. reaction with acids, quaternization and complexation of metals. The heteroatom is also responsible for unique characteristics in polymerization reaction mechanism. Poly(4-vinyl pyridine)[p4vp] are particularly useful in applications as polyelectrolytes, polymeric reagents and in electrical applications. Since pyridine is a good electron donor as well as a strong ligand capable of forming a co-ordinate bond, p4vp forms complexes with inorganic as well as organic molecules. Metal complexes of p4vp are generally insoluble and infusible when more than two pyridine groups are attached to a metal salt. The co-ordination bond would crosslink the polymer, producing network structure. The formation of inter molecular co-ordination bonds is most prominent for p4vp where as poly(2 vinyl pyridine)[p2vp] is much less crosslinked, as indicated by the solubility of the complexed polymer.  These uses include applications as an ion exchanger, flocculent, emulsifier etc. P4vp salts can be used as flocculants and amphoteric coating materials for pharmaceuticals.  If monomeric pyridine acts as a catalyst in some given reaction, p4vp could certainly be expected to exhibit a more or less similar catalyst effect. Fixation of catalytically active gaseous on insoluble polymer is advantageous for continuous operation in a factory. P4vp polymer has been used as a support in oxidation and reducing reactions25,26 Hydrogenation and hydroformylation catalyst prepared by complexing halides of Rh or Ir with the co-polymer can be used alternately for hydrogenation and hydroformylation. 
Crosslinked polymer networks of poly(4vinyl pyridine-co-divinyl benzene)[poly(4vp-co-dvb)] are used for the removal of heavy metals from wastewater. The crosslinked networks exhibit good acid and oxidation resistance and are thermally stable. Selective material adsorption networks have been developed by complexing a metal to p4vp and then crosslinking the polymer to form a template. The resulting network shows high selectivity for template metal. Doping of p2vp with iodine or organic electron acceptor e.g., TcNa results in the formation of semi conductors with the conductivities of 10 – 4 and 10 – 02 S/cm or ohm-1cm-1.
Quaternized vinyl pyridine polymers are used to inhibit the bacterial and fungus growth27. Quaternization of pyridine groups on the surface of the microbeads with alkyl bromides renders them with effective antibacterial and antifungal properties. The leakage of intracellular constituents from the bacteria cells and fungal spores upon contact with the N-alkylated beads confirms the lysing of the cells. The pyridinium groups bearing alkyl substituents of 4–10 carbons in length are highly effective in disrupting the cell membrane of the E. coli. The beads N-alkylated with C4 and C6 chains have a high surface concentration of pyridinium groups. As such, an amount of beads of 0.8 wt% of an E. coli suspension of 105 CFU/ml can result in almost 100% killing efficiency within 20 min. A larger amount of beads is required to achieve the same killing rate of Aspergillus niger spores due to the more resistant nature of the fungal wall. The longer C10 hydrophobic chain appears to be the most effective in disrupting the fungal wall. The functional groups on the bead surface are highly stable, and effective microbiocidal properties are possible in repeated applications using the same beads.
Poly(4vinyl pyridine)[p4vp] was previously used for removal and recovery of phenol29  and carboxylic acids30 from aqueous solution. Nariyoshi Kawabata et al used poly (4vp-co-dvb) and phenol as the adsorbent and the adsorbate, respectively28.   The adsorption capacities were remarkably larger than those observed with a commercially available porous poly(styrene–co-divinylbenzene) [poly(sty-co-dvb)] resin with no ion exchange functional group, and compared well with that obtained with a weak base anion exchange resins in the free base form. The adsorption of phenol and carboxylic acid on p4vp was scarcely affected by the presence of inorganic salts. The adsorption was explained in terms of acid–base interaction and hydrophobic interaction between these organic acids and p4vp 31 
 Poly(4vp-co-dvb) anion exchange polymer shows better stability to chemicals and radiation as compared to conventional poly(styrene-co- divinyl benzene) [poly (sty-co-dvb)]. Poly (4vp-co-dvb) containing repeat units of 4vinyl pyridine were found to have high metal adsorption capacity and high adsorption rate.  These polymers have high resistance to both organic and aqueous solvents including acids. Macro porous vinyl pyridine copolymers perform better than conventional gel-type materials and are widely employed as ion exchange resins, polymeric supports for metal catalysts, and as column packing materials for gel permeation chromatography. Thus 4vinyl pyridine [4vp] based anion exchange resins also have a great potential in water purification industry as well32. 



Vinylpyridine polymers were synthesized using conventional emulsion polymerisation technique in the early 60’s. The resulting polymer obtained was in low yields and obtained in large lumps, which were difficult to purify from tacky polymeric impurities43. Later, synthesis of vinyl pyridine polymers in alcoholic media is disclosed in the prior art44,45, however the product was found to contain significant amount of unreacted monomer and would need separation of the solvent to recover the pure polymer. An economical and commercial process for the preparation of polyvinylpyridine in water medium is later claimed by Shih et al46. wherein the polymers are quaternised with carboxylate for making them water soluble and are utilised as dye transfer inhibitors. The polymer is prepared by suspension polymerisation and is obtained in the form of a stable suspension or micro particles with only traces of the monomer and an average molecular weight of 1, 00,000. The patent reports on copolymerisation of the 4VP with various comonomers like, styrene, N- vinyl pyrrolidone, N- vinyl amide N- vinyl caprolactam, alkyl styrene, acrylamide, lower alkyl methacrylate etc., have been reported.
. The synthesis of such materials have been extensively studied and reviewed in the literature, mainly the synthesis of those based on 4vinyl pyridine[4vp]monomer with a crosslinking agent and their co-polymers. The porous structure formation of these co-polymers is governed by the occurrence of phase separation during co-polymerization reaction. There are three main parameters for preparation of a porous polymer41 i.e the concentration of the cosslinking agent in the monomer mixture of a co-polymer, the volume of the diluent and the type of diluents. The intrinsic viscosity of the poly 4-vinylpyridine was determined by Yoshiyuki Hirai et al34. Spontaneous polymerization of 4-vinyl pyridine was done by Christian Chovino et al35 which was quaternised by polyethylene oxide chains as alkylating agents. Surface modification has been carried out on the blends and they are characterized for variation in their morphological and mechanical properties. Flourescence, Ion binding and viscosity of 4 and 2 vinyl pyridine polymers was reported by Drahomir et al36. Muhammad Arif Malik et al reported42 the effect of solvent on porosity ion exchange capacity and ion exchange kinetics of poly (4vp-co-dvb) based anion exchange resins   they found optimum conditions for ion exchange kinetics of FeCl4 when the diluents mixture of 50% of cyclohexane and 50% of cyclohexanone were used.
In the present study, the linear p4vp purchased from Aldrich chemicals and dvb crosslinked 2%, 25% poly (4vp-co-dvb) networks were synthesized using suspension polymerization method. Divalent metal complexes of the above polymers were studied by FTIR, TGA and AAS. The main objective of our study was to establish the influence of degree of crosslinking on the chemical nature of the polymer metal complex and qualitative and quantitative comparative metal coordination capacities of the polymers in aqueous solutions.

Synthesis and characterization of nanosized metal-polymer composites have been particularly gaining importance due to their potential applications as biomedical, electronic, optical devices and heterogeneous green catalysts1 in particular due to the modern organic synthesis scenario. The intrinsic advantages of such green catalysts lies in reactions often very clean, high yielding and involve simpler product isolation and reusability. Metal nanoparticles when supported on polymers remain homogeneously dispersed and avoid agglomeration that otherwise occurs due to high surface energy of the particles. Thus, there is a large potential for the development and application of metal nanoparticles with tailored physical and chemical properties in both materials science and catalysis. 
Cerium oxide based catalysts are widely used as effective oxidation systems due to its unique property such as redox, oxygen release and storage abilities. It is reported to have enhanced catalytic activity when immobilized on suitable substrates2,3. Vinylpyridine polymers are reported to immobilize metal nanoparticles on the tertiary nitrogen.  These polymers are found to be more suitable for catalytic applications mainly due to their good thermal and chemical stabilities4-6. 
During the fabrication of metal nanoparticles on polymer supports, the main focus remains on the control of their size, shape, extent of dispersion, percentage of immobilized metal content and the type of interaction between the metal and the support. These properties and the method of preparation play an important role in the behavior of these catalysts. Generally, such polymer supports are synthesized in two or three steps wherein the polymer and metal particles are prepared separately followed by mechanical mixing or generating the metal/metal oxide particles insitu on the polymer by vapor deposition, chemical reduction/oxidation, radiolytic or photolytic methods7,8. We have also reported a two-step process for the preparation of the poly (4vp-co-dvb) /ceria nanocomposite by wet chemical method9. The main drawback of such methods is lack of homogeneous distribution of the particles in the polymer matrix and long processing times. Therefore, there is a need for finding novel methods to synthesize nanocomposites overcoming the drawbacks and also simplify lengthy processes to one-step reaction. The most popular amongst them were radiolytic and photolytic methods where simultaneous formation of polymer and metal nanoparticles take place10, 11. However, reports using chemical methods for one-step reactions have been limited. Nakao12 reported the preparation of bulk solid solutions of noble metals in poly methylmethacrylate (PMMA). But, the procedure is limited to those only metals that are soluble in monomers or monomer solutions. 
Here, we report a simple one step synthesis of CeO2@Poly(4vp-dvb (​mailto:CeO2@Poly(4vp-dvb​)) supports where polymer and metal oxide nanocrystals are formed simultaneously resulting in the nanocomposite (simul). The free radical suspension polymerization of monomer and oxidation of the metal source take place in aqueous medium13. The composites were found to have not only near monodisperse and homogeneously well-dispersed metal nanocrystals but also had increased content of the metal particles in comparison to the microporous nanocomposite beads (simul beads) and the conventionally (conven) prepared counter parts. The resulting heterogeneous catalysts were then used in three component condensation reactions such as Biginelli reaction in aqueous medium. A comparatively enhanced catalytic performance of the new method over the others has been reported.

During the last two decades, Palladium catalyzed C-C bond forming reactions have gained wide acceptance by synthetic chemists. Among them, the Suzuki-Miyuara1 reaction has become the most popular to access biaryls since the organoboranes used in the Suzuki reaction are air and moisture stable with relatively low toxicity and removal of boron-containing by-products is easy. This reaction is used in the synthesis of natural products and widely used in industry. Biaryl motif is found in a range of pharmaceuticals, herbicides, and natural products. Numerous natural products possessing this structural motif display anti-tumor, antiviral and estrogenic activity, and further present angiotensin II antagonistic or tubulin binding properties.

Most of the catalysts used in Suzuki-Miyuara reaction are based on palladium phosphine complexes or homogeneous nickel, which are difficult to recover and therefore economically and environmentally undesirable. Moreover, phosphine ligands are toxic, expensive and suffer from the contamination of the ligand residue in the products. In recent years there has been an increasing interest in heterogeneous catalysts, which are easy to recover, and reusable in aqueous medium for several cycles . Catalytic activity of Pd nanoparticles that can avoid phosphines is an important frontier of research in recent years. In this context, functional resins are considered to be intelligent supports for the dispersion of palladium nanoparticles. Reasonable chemical and thermal stability as well as fine tunability of nanostructure and physico-chemical properties make them attractive and environmentally friendly catalysts. Amongst the two categories of the functional resins, macroreticular (permanent porosity) and gel type (nanoporous in swollen state) the macroreticular type are explored extensively. Cross-linked polystyrene resins and silica gels have been reported for Suzuki-Miyuara reactions, but they suffer from low mass transfer and low selectivity. 

Crosslinked polymer hydrogels are effective templates for the production of homogeneously dispersed size controlled metal nanoparticles and are popularly known as template controlled synthesis. The matrixes of the functional resins with ion exchange ability are considered to have “nanoreactors” designable for variety of purposes. The appropriate selection of suitable co-monomers will be able to specifically influence the chemical and physico-chemical features of the relevant nanoreactors that could be tailor made suitably. Most of the reported literature is based on using a Pd anchored polymer supports with ligands. Recently a polymer supported palladium(II) salen-type complexes have been reported for the coupling of aryl bromides with phenylboronic acid in a mini-continuous flow reactor system. This system requires elevated temperatures and demonstrates small-scale reactions. Palladium-dodecanethiolate nanoparticles and amphiphilic polymer supported N-heterocyclic carbene palladium complex was reported to catalyze SM reaction. But they suffer from long reaction times and handling. These polymer supported Pd ligand complexes enable the SM reaction with aryl chlorides (lower reactivity) as well as aryl bromides and iodides, but the ability of recycling was not found in case of the aryl chlorides. The ligand free Pd (OAc)2 was used to catalyse for aryl chlorides at higher temperatures of >150º C. Inspite of the above drawbacks, it is of great importance to develop a reusable and ligand free catalytic system for SM reaction in aqueous medium. 
Solvent usage is offer an integral part of a chemical or manufacturing process. Water can undoubtly be considered the cleanest solvent 
In the present work, we describe the synthesis and characterization of Pd@Poly(NIPA-co-PMA (​mailto:Pd@Poly(NIPA-co-PMA​)) hydrogels. The catalytic applications of these supports in the SM cross coupling reaction of aryl halides and with aryl boronic acids recycling efficiency of the catalyst in aqueous medium are presented. 
als
Methacrylic acid, palladium chloride, N-isopropylacrylamide (NIPA), ammonium persulfate (APS), N,NI-methylenebisacrylamide (MBA),N,N,N’,N’’-tetramethylethylenediamine (TEMED) and hydrazine hydrate  procured from Aldrich chemicals. Potassium hydroxide purchased from S.D Fine Chemiclas.


Synthesis and characterization of polymer layered silicate nanocomposites (PLSNC) based on intercalation of polymers into layered silicates has been extensively investigated due to their wide application areas such as catalysis1 (Wang et al., 2001), adsorption, packaging2 (Ranade et al., 2003) electronic or photonic devices3 (Mitzi, 2001) and insulation4,5 (Novak, 1993; Judeinstein and Sanchez, 1996). These nanocomposites are known to display enhanced mechanical, thermal and fire retardancy properties6 (Gilman et al., 2000) in comparison to their corresponding virgin polymers. Amongst the several methods known for preparation of PLSNCs, the in situ polymerization is more popular wherein the layered silicate is swollen with a liquid monomer such that the polymerization takes place in the space between the silicate layers. There exist several types of layered silicates with variation in crystallite sizes and aspect ratios. Montmorillonite belongs to the smectic group of clay minerals and is the most commonly used for preparation of PLSNCs due to its high aspect ratio and plate morphology. SMMT is hydrophilic in nature and therefore needs to be organically·modified for making  it compatible with organic monomers. They have been mostly treated with “alkylammonium ions (salts)” to make them organophilic and hence increase the distance of the silicate layers through exchange of ions7-10 (Weiss, 1963; Lagaly, 1986; Lan et al., 1995; Wang and Pinnavaia, 1998). Organic monomers that can form hydrogen bonds with the interlayer surface can be intercalated by displacement of pre-intercalated alkyl ammonium salts. However most of the reported in situ
polymerizations “do not” relate to formation of hydrogen bond between the guest and host species. Polymerization of vinyl monomers by free radical suspension method offers several advantages as it can be carried out surfactant free in aqueous media over wide range of solution pH. “Generally”, PLSNCs of polymers like polystyrene11 (Essawy et al., 2004), “poly(methylmethacrylate)”12,13 (Lee and Jang, 1996; Su and Wilkie, 2003) and polyacrylonitrile14,15 (Choi et al., 2002; Yu et al., 2005) have been reported. However, very limited reports are available on MMT-poly (4vp) intercalated composites16. Percy et al. (2003) have reported the synthesis of 2-hydroxypropylmethacrylate– 4vp copolymer “colloidal silica” nanocomposites via aqueous dispersion polymerization and found that mean particle size of the nanocomposite was dependent on the synthetic conditions. 4vp homopolymer nanocomposite using MMT modified with quaternary salt of cocoamine and vinyl silane agent was reported17 by Sen et al. (2006a,b). They observed a complete delamination of “the silicate layers” in the composite. Similarly18, Fournaris et al. (2001), synthesized protonated 4vp/ SMMT nanocomposites and found that the “clay mineral” surfaces influenced the rate of polymerization resulting in the formation of exfoliated components. Most of the reported work focused on the synthesis of
“colloidal silica” nanocomposites of 4vp homopolymers suitable for coating purposes19 (Bacquet et al., 2004). MMT nanocomposites using quarternized poly (4vp) block copolymers with styrene20 (Zhang et al., 2006) and with poly (methylmethacrylate)21 (Sen et al., 2003) were also reported. Whereas, application of such composites in catalysis, absorption or ion exchange, wastewater purification from heavy metals would necessitate them to be resistant to basic pH media, acids and organic solvents. Very few reports in literature were found on the poly (4vp) crosslinked systems. Highly crosslinked nanocomposites of bis phenol A diisocynate containing silica clusters were successfully prepared via solgel process22,23 (Lin et al., 2006). Fujii et al. (2005), synthesized lightly crosslinked p4vp/SiO2 nanocomposite microgels to prevent the dissolution of nanocomposites at lower pH. Therefore, there is a lot of scope for studying crosslinked copolymers of 4vp and their PLSNCs for application in the above said areas. In our laboratory, extensive study was done on organic/inorganic nanohybrids of 4vp/dvb copolymer and metal oxide24 (Samba and Shailaja, 2006) for catalysis application25 (Sabitha et al., 2005) and we were curious to explore the possibility of clay nanocomposites of the same polymer by in situ method. In the present study we report the formation of intercalated clay nanocomposites
with 4vp and dvb copolymer by in situ suspension polymerization method26,27 (Hwu et al., 2004; Kim et al., 2005). The possibility of intercalation of SMMT was also examined for comparison. IR, XRD and TEM characterizations of the nanocomposites were done to confirm the intercalation. Changes in thermal properties and morphological aspects were studied which would provide useful information for application as materials with improved technological value in catalysis, absorption,  chromatography etc.



